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lOH-I'AIRIMC  IIJ  P0I,YKT11ER  SOLID  F.I.F.CTROLYTES  AND  ITS  IMFLUnHCE  ON  ION  TRANSPORT 

t 

■  •  L.  Papke,  R.  Dupon,  M,.A.  R.tcncr  and  D.  F.  Shrivcr  t 

,  tie  part  iricrit  of  Chemistry  and  the' M.ilcria  1  a  Roscarcli  Center 
Morthwcslern  University,  Evanston,  Illinois  60201 


'^Vibral  ional  spectroscopic  and  conductivity  data  ore  presented  for  complexes  of  NaBF^, 
and  KaBII^  with  polyCetliylene  oxide).  These  sLudics  indicate  that  extensive  contact 
ion  pairing  occurs  in  the  NiBH^  complex  but  not  in  the  NnBF^  complex.  As  a  result 
the  ionic  coivluct  ivi  ty  is  considerably  lower  in  the  NaBlI^  complex,  due  to  trapping  of 
the  nobile  sodium  cations  by  the  anion.  The  effect  of  salt  stoichiometry  on  the 


1 .  INTRODUCTION 

Polyiethylcnc  oxide),  (PEO),  is  known  to  form 
aolvcnt-free  complexes  with  a  large  number  of 
alkali  metal  salts.  The  Na^  salt  complexes 
are  highly  crystalline  and  typically  c.xhibic 
ionic  conductivities  of  about  10“^  (ohin-cm)"'^ 
at  room  temperature,  increasing  to  about 
10"’  (obn-cm)"^  at  12Q‘C  (1).  The  cation  has 
been  implicated  ns  the  mobile  species  in  the 
PEO'KaSCN  complex  through  transference  number 
measurements  using  a  sodium/mercury  amalgam 
concentration  cell  (2).  All  of  the  Na'*' 
complexes  have  essentially  the  same  polyether 
backbone  confornation  (3),  and  to  date  the 
reported  conductivities  at  a  given  salt  stoi¬ 
chiometry  are  very  similar,  providing  evidence 
against  contact  ion  pairing.  In  this  paper  we 
present  vibrational  spectroscopic  and  conduc¬ 
tivity  studies  which  indicate  that  ion  pairing 
occurs  irt  the  PEO'NaBHa  complex.  Previous 
work  has  alto  shown  that  a  knee  occurs  in 
Arrhenius  plots  of  InOT  against  l/T  for  the 
Na^  complexes.  The  origin  of  this  phenomenon 
ic  .discussed , 


2.  EXFF.RIMF.NTAL 


Preparation  and  characterization  of  the  PEO* 
RaBP/^  complex  has  been  described  ctsewlrcre 
(3).  The  PEO'BaBMi,  complex  was  prepared  by 
suspending  films  of  pure  PEO  (m.w,  600, coO 

purified  by  ion  exchange  and  filtration  O)) 
in  a  s.sturated  isupropyl.imi  no/N.ihlI^  solution. 
The  isopropyl.mise  (.M.lrich,  d'lT)  w.is  refluxed 
ever  Ca1t2  under  dry  N2  and  distilled  before 
use.  Care  w.is  taken  to  exclude  all  (races  of 
valer  and  the  s.xnples  were  handled  using  stan¬ 
dard  inert  atmospliere  techniques  (6).  1'he 
complexes  were  chas.icterized  by  infrared  .amt 
Raman  spectroscopy,  differencial  sc.anning 
calorimetry,  (DSC),  visual  observations  using 
a  hot  stage  polarizing  microscope  and  x-ray 
didfracl  ion.  The  stoichiometry  of  the  com¬ 
plexes  is  indicated  hy  the  ratio  of  ether  oxy¬ 
gens  to  sodium  cations,  i.e.  6:1  etc. 
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The  stoichiometry  of  the  PEO'NaBlI^  complex 
was  determined  by  proColysis  of  the  BH^" 
using  aqueous  llCl  followed  by  PVT  measurement 
of  the  evolved  ll2.  The  fully  complexed  stoi¬ 
chiometry  thus  established  was  about  3.6:1. 
Tlie  absence  of  regions  of  uncomplexed  PEO  or 
excess  KaBH^  was  established  through  x-ray 
diffraction  and  differential  scanning  calori¬ 
metry.  The  maximum  stoichiometry  of  the 
PEO’NaBF^  complex  was  shown  to  be  about  6:1  at 
room  temperature  by  x-ray  diffraction.  The 
maximum  stoichiometry  decreases  slightly  with 
increasing  temperature  up  to  the  complex 
melting  range  of  105-1 IS'c. 

Complexes  of  HaBFg  and  NaBH^  salts  at  less 
Chan  maximum  stoichiometry,  (6.5:1),  were  also 
studied;  these  are  two  phase  systems  below 
60*C,  as  demonstrated  througli  x-ray  diffrac¬ 
tion  and  DSC.  Apparently  small  regions  of 
crystalline  PEO  are  inlerdispersed  with  the 
fully  complexed  phase. 

Conductivities  were  measured  on  hot  pressed 
pellets  of  the  polymer  complex  using  the 
complex  admittance  technique  over  the  fre¬ 
quency  range  of  5  llz  to  500  kllz.  Reversible 
aodium/mercury  amalgam  liquid  electrodes  were 
used  as  electrical  contacts  in  a  scaled  cell 
filled  with  dry  nitrogen  (2). 

3.  RESULTS  AND  DleCUSSlOH 

3.1  Spectroscopic  Evidence  for  Ion  Pairing 

Vibrational  spectroscopic  techniques  have  boon 
used  to  deduce  a  reasonable  polyeibcr  confor¬ 
mation  for  the  PCO* sodium  salt  complexes  (3). 
The  PEO'NaBM/,  and  PEO-NaBF^  have  virtu.iUy 
identic.ll  polyether  conformations,  both  com¬ 
plexes  are  highly  crystalline,  and  llte  only 
physical  difference  between  the  complexes  is 
their  melting  raoge.s,  170-177*C  ami  105-1 15*C, 
Tctpcclively.  Comparisons  of  spectroscopic 
ami  con.luc  t  iviiy  d.ita  were  therefore  tinned 
to  temporalurea  below  90*C. 
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Tlio  inlorit.il  vibrnl  ion.il  tmuloi  of  iho  TIII4'*  jml 
HK^*  nnionii  proviiJc  .1  convoinont  mul  |>oworfol 
spoct  ro^ncopic  probe  to  study  the  loc/il 
env i rouinont  nbout  the  .inion.  If  no  ention*- 
union  internet  tons  ore  observed,  then  the 
anion  is  expected  to  reside  outside  of  the 
helical  polyotbor  conformation  proposed 
earlier  (3),  in  es.sentiaUy  a  hydrocarhon-l  ike 
environmenC .  Hio  internal  vibrational  hands 
observed  would  then  ho  expected  to  correspond 
closely  to  those  for  an  unperturbed  'free  ion* 
symmetry,  in  this  case  an  anion  of  tetrahedral 
(Td>  sycunotry  (5).  Any  siy.niftcnnC  c.nion- 
anion  interaclions  would  result  in  a  lower 
aymmeCry  accomginnied  by  a  splitting  of  dcge~ 
nerate  vibrational  modes. 

The  aqueous  (BD/,~)  anion  is  represen¬ 

tative  of  the  unperturbed  anion;  its  vibra¬ 
tional  frequencies  and  assignments  are  shown 
in  Tables  1  and  2.  Only  the  symmetric  and 
asymmetric  deformation  modes,  vj  and 
respectively,  are  formally  infrared  active  and 
Fermi  resonance  has  been  invoked  to  explain 
the  position  of  the  totally  symmetric  VifAi) 
stretching  mode  (5).  In  contrast  the 
(BD^”)  vibrational  bands  for  the  PM  complexes 
are  strongly  perturbed.  From  a  comparison  of 
the  number  and  intensity  of  Che  vibrational 
bands  indicated  in  Tables  I  and  2  it  Is  clear 
that  the  symmetry  of  the  BH4"  (BD4")  anion  has 
been  lowered  from  tetrahedral.  For  example, 
vibrational  bands  which  are  normally  expected 
to  be  degenerate  in  a  Tj  symmetry,  such  as 
v^fF),  are  no  longer  degenerate  in  the  81(4" 
complexes,  and  Che  large  number  of  vibrational 
bands  observed  in  Che  B-H  and  B-D  stretching 
regions  (21502450  cn”^  or  1570-1750  cni~^, 
respectively)  arc  due  in  part  to  a  lifting  of 
degeneracies.  Tentative  vibrational  assign¬ 
ments  have  been  made  for  some  of  these  bands; 
these  are  indicated  in  Tables  I  and  2. 

The  syimneCry  of  Che  anion  may  be  lowered 
through  cation-anion  interactions  or  through 
aolvenc  interactions.  However,  solvent 

interactions  with  8114”  or  BD4”  are  likely  to 
be  weak  in  this  case,  and  are  not  consistent 
with  experimental  observations.  Far  infrared 
data  also  support  Che  hypothesis  of  cation- 
anion  pair  interactions.  Cation-dependent 
vibrational  bands  have  been  observed  in  the 
far  infrared  for  the  PM-alkali  met.-.!  s.ilt 
complexes  (3),  these  correspond  Co  the  motion 
of  Che  alkali  metal  cations  relative  to  their 
counter  anions  ,snd  surrounding  ether  oxygens. 
A  number  of  Che  sodium  salt  complexes,  includ¬ 
ing  the  PM*NanF4  complex,  exhibit  no  anion 
dependence  in  their  far  infrared  spectra. 
However  significant  changes  are  seen  in  the 
far  infrared  when  804'  is  suhscituced  for 
8114”,  which  is  strong  evidence  that  ion-pair 
interactions  occur  in  these  complexes.  There 
is  no  spectroscopic  indication  of  ion  pairing 
in  the  Pr.O'NaHF4  complex. 


table  1.  Infrared  and  R.im.in  vibrational 
assignnioiit  s  for  the  111)4'  anion. 

PM’NaRlt4  Nallll4  in  b.isic  Approximate 

aqueous  solution  Assignments 


R.im.in 

IR  R.in.irt 

IR 

2460w,p 

2V4 

2342w,sh 

2347VS  2340w,p 

Vj  ♦  W4 

2313VS 

''I 

2295m  2294s, p 

''1 

2266w,dp 

2272s 

'’3 

2230w,b 

2232VS 

'’3 

2196w,dp 

2200sh 

204(6  or 

Fj) 

2177m, sh 

2178s 

- 

2169s 

- 

21S5ras 

- 

2146m, p 

2V4(Ai) 

1246w 

1097W 

''4 

Band  intensities:  vw  (very  weak),  w(weak), 
sh(  shoulder ) ,  mwCnediu.m  weak),  mined  ium), 
mslraodium  strong),  s(scrong),  vsCvery  strong), 
b(broad),  p(polarized) ,  dp(depolar ized)  . 


Table  II.  Infrared  and  Raman  vibrational 
assignments  for  the  884'  anion. 

PE0’NaBD4  NaBD4  in  basic  Approximate 

aqueous  solution  Assignments 


Raman 

IR 

Ranan 

IR 

1750sh 

l7Slvs 

Vj  ♦  '»4(7) 

1730m 

173ivs 

vj  ♦  V4(T) 

1723w,dp 

1721s 

'>3 

1713n 

I7l0w 

1694m^ 

2\^{Ai) 

1684s 

— 

• 

1679s 

- 

1675w,dp 

1666sh 

2v^(E  or  F2^ 

1653w 

I650sh 

- 

1638v 

1639s 

- 

lS78s 

1579ra 

I585vs,p 

''1 

947vw 

890w 

853iin/ 

830m 

842w 

843w 

Band  intensities:  see  Table  I. 


3.2  Ionic  Conductivity  Measurements 

Detailed  ionic  conductivity  measurements  on 
the  PE0‘NanF4  and  PK0'NjI1M4  complexes  with 
varying  salt  stoichiometries  have  been  made. 
The  temperature  range  was  from  20*  to  90*C  for 
the  naBF4  complex,  and  20’  to  150*C  for  the 
Nsnil4  complex.  A  complex  impedance  diagram 


reprcfiont  nt  i VC  oC  those  ohlAincd  for  these 
complexes  with  revcrsitile  liquid  elect  rodos  iS 
shown  in  Figure  1;  this  nrc  may  be  modeled  by 
A  simple  circuit  coo'USlirt);  of  an  internnl 
resistance  in  parallel  with  an  internal  enpa** 
citsncc. 


A  comparison  of  'the-  conductivity  values 
for  these  complexes  is  sl»own  in  Figure  2.  The 
At5:J  complex  exhibits  a  conducti¬ 
vity  simitar  to  that  reported  for  other  sodium 
salt  complexes  at  this  stoichiometry  (1).  If 
S  slight  excess  of  NahF^  is  present  in  the 
PEO'MaBF/;  cot.iplex  to  prevent  the  fornation  of 
small  regions  of  crystalline  PRO,  the  overall 
conductivity  falls  by  rougt\ty  a  factor  of  3 
relative  to  tlie  A. 5:1  complex,  and  a  knee  Is 
not  observed  in  the  conductivity  plot  for  the 
unnnncaled  complex  preparetl  at  room  tempera¬ 
ture  (see  Figure  2).  The  absence  of  a  knee  at 
roughly  60*C  for  the  salt-rich  PRO  electrolyte 
has  been  observed  independently  by  P.V,  Wright 
(6),  The  temperature  range  over  whicli  this 
knee  occurs  is  coincident  with  the  melting 
range  of  pure  PRO  and  suggests  that  Che 
fseltlng  of  small  regions  of  uncomploxcd  PRO  or 


Figure  1*  Representative  complex  impedance 
diagram  for  a  PRO'MaBF^  complex  at  A1*C  from 
100  Hz  Co  5  X  10^  Uz,  RR  «  real  axis,  IM  " 
imaginary  axis. 


PRO  with  a  low  salt  content  may  result  in  the 
observed  conductivity  behavicr.  This  inter¬ 
pretation  is  consistent  with  our  DSC  and  x-ray 
observations  for  complexes  of  varying  salt 


Figure  2,  Variahlo  l**mp%'rat  me  cuudiKt  ivity  v.il*io4  PKO'N.iRF^  cwploxes  at  4.5:1  (Q)  and  3;  I 
(0>.  stoichtomelry,  and  PKO'N.itlH/,  complexes  at  4.5;1  (A)  and  3,4:1  (♦)  stoichiometry. 


■toirhiomot ry.  An  nllernnt i vo  hypolhc*is 
hy  Wriy.ht  lo  oxplnin  the  tlicrinnl 
buhaviui  he  ohservoJ  near  f>0*C  in  the  PKO'MaX 
complexes  involves  the  <ti aortlerint;  o(  a  com- 
pexctl  iiiterlamellar  phase  at  60*C  (6). 

The  conductivity  ot  the  A.'5:l  PEO'NanF/,  com¬ 
plex  is  about  1.2  x  10“^  (ohm-cm)”*  at  30*C 
and  increases  to  7.0  x  10*^  {ohm-cra)“*  at 
90*C.  A  linear  Arrhenius  type  behavior  is 
observed  both  above  and  below  the  knee  at 
roup.hly  60*C.  In  contrast,  the  A. 5:1 
PEO’KjHIIj^  complex  has  a  conductivity  lower  by 
roughly  10^  over  the  s.ime  temperature  range, 
and  the  conductivity  plot  is  slightly  curved. 
This  sharp  decrease  in  ionic  conductivity, 
supported  by  the  spectroscopic  data  presented 
above,  indicates  that  ion  pairing  is  likely  to 
be  the  principal  origin  of  the  lower  conduc¬ 
tivity  in  the  PEO'NaBU^  complex. 

Acknouledcments.  This  work  was  supported  by 
the  National  Science  Foundation  through  the 
Northwestern  University  Materials  Research 
Center  (Grant  No.  DMR  76-80347)  and  by  the 
Office  of  Naval  Research,  k'c  thank  Dr.  D.  H. 
Whitmore,  Dr.  M.  B.  Armand  and  Dr.  P.  V. 
Wright  for  a  stimulating  exchange  of  informa¬ 
tion. 

REFERENCES: 

(1)  Armand,  M.  8.,  Chabagno,  J.  M.  and  Duclot, 
M.  J.,  Poly-ethers  as  solid  electrolytes, 
in  Vashishta,  P. ,  Mundy,  J.  N.  and  Shenoy, 
R.  (eds.),  Fast  ton  Transport  in  Solids 
( Nor th-IIol  land,  Amsterdam,  1979). 

(2)  Dupon,  R. ,  tihitmore,  D.  H.  and  Shriver,  D. 
F.,  Transference  number  measurements  for 
the  polymer  electrolyte  polyCethylene 
oxide) 'NaSCN,  J.  Electrochera.  Soc.  128 
(1981)  715-717. 

(3)  Papke,  B.  L.,  Ratner,  M.  A.  and  Shriver, 
D.  F.,  Vibrational  spectroscopy  and 
structure  of  polymer  electrolytes, 
poly(eChylene  oxide)  complexes  of  alkali 
metal  salts,  J.  Phys.  Chem.  Solids,  in 
press. 

(A)  Shriver,  D.  F.,  The  Manipulation  of 
Air-Sensitive  Compounds  (McCraw-llill,  New 
York,  1969). 

(5)  Shirk,  A.  E.  and  Shriver,  0.  F.,,  Solvent 
and  cation  dependence  of  tetrahydroborate, 
Raman  spectrum,  J.  Ais.  Chem.  Soc. 
95  (1973)  5901-590A. 


(6)  Wright,  P.  V.,  personnal  communications 


